Abstract-A novel automatic disturbances rejection control (ADRC)-based model predictive current control (MPCC) strategy is developed for permanent magnet synchronous motors (PMSMs) fed by three-phase four-switch inverters, an after-fault-topology for fault-tolerant three-phase six-switch inverters. The mathematical model of a PMSM fed by a three-phase four-switch inverter is built firstly. Then the ADRC and MPCC are respectively designed, with the former being used to realize disturbance estimation and disturbance compensation while the latter being used to reduce stator current ripple and improve the quality of the torque and speed control. The resultant ADRC-based MPCC PMSM fed by an unhealthy inverter has fault-tolerant effective with dynamical performance very close to an ADRC-based MPCC PMSM fed by a healthy inverter. On the other hand, compared with PI-based MPCC PMSM fed by an unhealthy inverter, it possesses better dynamical response behavior and stronger robustness as well as smaller THD index of three-phase stator current in the presence of variation of load torque. The simulation results validate the feasibility and effectiveness of the proposed scheme.
I INTRODUCTION
The electrical drive systems for modern automobiles must be highly reliable and fault tolerant. Due to various reasons, potential failures are often inevitable. Once an electrical drive is out of order, if it cannot be repaired on the spot, it could cause great financial losses, and in a severe case even enormous human and property losses. Therefore, there is an urgent need to research fault-tolerant control of electrical vehicle drive systems.
One of the most common types of potential failures in an electrical drive system is the breakdown of one transistor in the voltage source inverter (VSI), resulting in open-circuited. The current of the open circuit phase will be zero and the other two phase supply and load current significantly distorted, causing unacceptably high pulsating torque. Consequently, the drive system's operation has to be interrupted [1, 2] . To solve the problem, a common method is to design a fault-tolerant inverter topology plus an effective control strategy that is able to manage the drive system during the inverter fault.
Over the past years, mainly three kinds of reconfiguration of inverter topologies for overcoming inverter faults have been proposed and developed [3, 4] . The first one is known as split capacitor scheme for isolating the phase with a faulted inverter leg and connecting the neutral point of the stator windings to the midpoint of DC link [5] . The second one is called extra-leg extra-switch scheme by means of connecting the neutral point of the stator windings to an extra inverter leg via an extra switch, which provides the current path during the fault operation [6, 7] . The third one is named as extra-leg split capacitor scheme, which adds three TRIACs to connect the midpoint of DC link to three phases of motor, respectively [8] [9] [10] [11] [12] [13] . What the first two have in common is that their hardware configuration leaves the electrical machine to operate in a two-phase mode after power device faults arise, which is equivalent to the case of disconnection of a motor phase. In contrast, the third inverter topology enables the electrical machine to still operate in a three-phase mode during the fault, and is referred to as three-phase four-switch mode. The disadvantage of the first two reconfigurations lies in that a technical solution is required for availability of the neutral point of the stator windings during inverter fault. In order to avoid the above-mentioned disadvantage, the third reconfiguration, i.e. three-phase four-switch mode, is employed in this paper.
Permanent magnet synchronous motor (PMSM) drive nowadays is widely used in the industry applications due to their high efficiency and high power/torque density. As for high performance PMSM drive systems, the popular control strategies include two types: torque-based control and current-based control. The most established torque-based control is direct torque control (DTC). DTC directly switches the inverter to regulate torque without requiring explicit stator current regulation. However, it suffers from variable switching frequency and is more challenging to implement in digital controllers. On the other hand, the current-based control achieves the measured stator current to track the required values accurately with short transient interval as much as possible, and thus plays an important role in high-performance PMSM drives to ensure the quality of the torque and speed control [14] [15] [16] .
Over past years, main four kinds of the current-based control schemes have developed for an inverter-fed PMSM drive: i.e., the hysteresis control, the ramp comparison control, the PI control with space-vector modulation (SVM), and the model predictive current control (MPCC) [17, 18] .
The hysteresis current control has advantages such as a fast transient response and an easy implementation, but suffers from the variation of the modulating frequency of the power converter. In addition, due to the inherent coupling between the phases, a three-phase VSI does not work properly and the phase error is not strictly limited to the hysteresis band if controlled by three independent hysteresis loops. The ramp comparison current control can limit the maximum inverter switching frequency and produce well-defined harmonics. Even though the controller has optimized gains, an inherent tracking amplitude and phase errors are mainly the drawback of this technique which become unacceptable for high-performance drive applications [19, 20] . To eliminate such errors, the PI-SVM current control has been proposed. With this method, constant switching frequency is obtained. And the PI regulator operates on DC quantities and maintains zero steady-state error because the integrator function provides infinite DC gain in synchronous dq frame irrespective of the actual PI gain values [16, 21] . However, both integral algorithm and pulse-width modulation in this control process make the transient response slow [18] . MPCC is an emerging control concept and received significant attention from electrical drives community [22] [23] [24] [25] [26] [27] , which adopts the principle of model predictive control (MPC) [28] . MPC has several merits such as easy inclusion of nonlinearities and constraints. Besides, its algorithm is simple and then its implementation easy. Furthermore, switching losses can be reduced. The main objective of the MPCC is to control instantaneous stator current with high accuracy in a transient interval as short as possible. MPCC is a competitive alternative to the first three classical current-control methods and can provide higher dynamic performance and lower stator current harmonic to ensure the quality of the torque and speed control [16, 29] . Even so, little work in the past has focused on applying MPCC to PMSM system fed by fault inverter. It is the abovementioned advantage of MPCC that motivates this paper.
So far, a conventional PI-based MPCC PMSM drive system consists of two loops, one being outer speed loop and the other being inner current loop. PI and MPCC are acted as outer and inner loops, respectively. In general, PI is used to regulate the rotor speed and generate the reference stator current and its parameters commonly adopt a fixed gain. It may perform well under certain operating conditions, but degrade dynamic performance under other operating conditions when external disturbances and internal perturbations arise. In order to improve the robustness of PI, several advanced control techniques have been proposed in recent years [30] [31] [32] [33] . However, these schemes are rather complex, it is difficult to implement in the real-time PMSM drive systems.
Automatic disturbances rejection control (ADRC), firstly proposed by Han [34] , has been proved to be unmistakable advantage in performance and practicality [35, 36] . ADRC inherits the quality from PID and meanwhile conquers PID's weakness. The key of ADRC is to reformulate the problem by lumping various known and unknown quantities that affect the system performance into total disturbance [37] . And the total disturbance can be actively estimated and then rejected. Since ADRC does not depend on the accurate model of the system, it is very robust against external disturbances and internal perturbations, not only in certain operating conditions but also in whole operating conditions [38] . For this reason, we propose replacement of PI with ADRC in our research.
For three-phase four-switch inverter in PMSM drive systems, in order to improve dynamic performance and system robustness, a novel ADRC-based MPCC strategy is proposed in our research.
Section 2 of the paper presents modeling of a PMSM fed by three-phase four-switch inverter. In Section 3, the ADRC-based MPCC PMSM drive system is established, and the ADRC and MPCC are designed, respectively. The numerical simulation result & analysis and conclusion are reported in Section 4 and 5, respectively. In this paper, as for three-phase PMSM, the schematic diagram of fault-tolerant three-phase four-switch inverter topology is shown in Fig. 1 .
II DYNAMIC MODEL OF PMSM FED BY THREE-PHASE FOUR-SWITCH INVERTER
Assume that one transistor is broken down in the inverter leg corresponding phase a. Then the series-connected fuse F 1 is disconnected and the corresponding TR a is triggered to isolate the faulted inverter leg and replace it with extra-leg split capacitor. In this case, the inverter topology in Fig.1 can be simplified to the three-phase four-switch inverter as shown in Fig.2 . The different combination of Sb, Sc may form four switching states, which produce corresponding four voltage space vectors V1, V2, V3, and V4 as shown in Fig. 3 . Obviously, the magnitudes of four voltage space vectors are not equal. 
where , 
where J, T e , T l , B m and T f are the inertia of moment, electromagnetic torque, exogenous load torque (considered to be unknown), viscous friction coefficient and coulomb friction torque, respectively and p is the number of pole pairs. The electromagnetic torque in dq-system can be written as
where q i is the q axis stator current. Stator current in αβ -system can be expressed using the following inverse Park transformation
III DESIGN OF ADRC-BASED MPCC FOR PMSM DRIVE SYSTEMS FED BY THREE-PHASE FOUR-SWITCH

INVERTERS
The objective of ADRC-based MPCC for PMSM drive system fed by three-phase four-switch inverter is that the drive system not only can work reliably and its speed and torque can be controlled to achieve satisfactory dynamic performance but also can be strongly robust to motor parameter variation and external disturbance. The control diagram of ADRC-based MPCC system proposed is shown in Fig.4 , which comprises mainly five components: ADRC, MPCC, power unit, PMSM, Clark and inverse Park transformations. MPCC includes two parts: cost function minimization and stator current prediction as shown in Fig. 4 , and the power unit employs a three-phase four-switch inverter. Fig. 5 shows the schematic diagram of ADRC, which consists of an extended state observer (ESO) and a nonlinear function (NF). The ESO is used to estimate the unmeasured state and the real action of the unknown disturbances to build a solid base for better performance and disturbances compensation. The NF is used to synthesize the control action. 
A. ADRC design
1) ESO design
where y is the output to be controlled, the reference torque T e * can be seen as the control input. From (3), it can be seen that the variation of load torque, inertia of moment and viscous friction have negative effects on dynamic performance of PMSM system. Here the negative effects can be regarded as the disturbance which is marked by f(t). According to ADRC principle, f(t) is defined as：
From (7), it can be observed that f(t) is a multivariable function of both the state and external disturbances and thus can also be viewed as the total disturbance. The objective here is to overcome the total disturbance by means of the reference torque T e * and to make x 1 behave as desired value. At this point, our crucial task is to identify and reject the total disturbance f(t).
Treating f(t) as an augmented variable 2 x , i.e., ) which is observable. Now we construct a second-order state observer, denoted as the ESO, in the form of ( ) ( ) 
2) Disturbance Rejection
Once observer (9) is well tuned, its output will track x1 and f(t), respectively. By canceling the influence of total disturbance f(t) using z2, ADRC actively compensates for f(t) in real time. The reference torque shown in Fig.5 
and the output of ESO identifies the important information f(t).
Remark 2:
As far as the above-mentioned parameters of ESO, generally, 0 
1) Basic principle of MPCC
The basic idea of MPC is based on the fact that a finite number of possible switching states can be generated by a power unit and that mathematical model of the system can be used to predict the future behavior of the variables over a time frame for each switching state. For the selection of an appropriate voltage space vector to be applied, a cost function containing control objective is defined. By means of evaluating the defined cost function for each possible voltage vector, the corresponding switching state that minimizes the cost function is selected.
For four voltage space vectors generated by three-phase four-switch inverter as shown in Fig.3 , it is easy to evaluate the effect of each voltage vector and select the one to minimize the cost function. 
2) Predictive model for stator current
According to (2) , the prediction of the stator current at the next sampling instant can be expressed as the following 
IV SIMULATION AND ANALYSIS
In order to validate the effective of proposed control scheme, the designed control system from Fig.4 is implemented in Matlab/Simulink/Simscape platform. The parameters of PMSM are given in Table 1 . The sampling period s T is 10us. The reference d-axis stator current is 0A. The parameters of ADRC in Fig.4 are determined as follows, The following two groups of simulations are carried out. The first deals with the fault-tolerant effect of ADRC-based MPCC for PMSM fed by unhealthy inverter. The second deals with the robustness of the proposed scheme. 
A. Fault-tolerant effect
In order to validate the fault-tolerant effective of proposed scheme, two systems are compared, one corresponding to the PMSM fed by healthy inverter, i.e. three-phase six-switch inverter, and the other corresponding to the PMSM fed by unhealthy inverter, i.e. three-phase four-switch inverter. Except the above-mentioned distinct inverters, two systems have completely the same structure and parameters of ADRC-based MPCC strategy.
Figs.6 and 7 show their comparison results in terms of rotor speed, torque, and stator current when the reference speed n * is set to 1000 rpm, the load torque of 1N.m. Comparing Fig.6 with Fig.7 , it can be seen that, for the PMSM system fed by unhealthy inverter, it has fault-tolerant effective and its speed and torque could be regulated in a satisfactory manner and its performance is almost as good as the PMSM system fed by healthy inverter. 
B. Robustness
For ADRC-based MPCC PMSM systems fed by unhealthy inverter, for the sake of verifying its strong robustness under the variation of load torque, two systems of simulations are compared, which correspond to the PI-based MPCC and ADRC-based MPTC PMSM systems, respectively. Except their distinct outer-loop controllers (i.e. PI and ADRC), two systems have completely identical structure and parameters of MPCC.
1) Comparison of anti-interference of load
To make a fair comparison of both control schemes, the parameters of PI for PI-based MPCC PMSM system are adjusted as follows, 0.8, 0.4
such that PI-based MPCC system has almost identical overshoot and settling time with ADRC-based one.
In the simulation, their reference speeds n * are set to 1000 rpm and their load torques of 1Nm are increased to 2 Nm at 0.2 seconds.
Figs.8 and 9 show their dynamical responses. Comparing Fig.8(a) with Fig.9(a) , it can be seen that, for ADRC-based MPCC PMSM system, its speed can sharply adapt to the change of external load change in a satisfactory manner, and its capable of accommodating the challenge of load disturbance is superior to PI-based one's. such that PI-based MPCC system has almost identical ability of anti-load disturbance with ADRC-based one.
In the simulation, their reference speeds n * are set to 1000 rpm and their load torques of 1Nm are increased to 2 Nm at 0.2 seconds. Fig.10 shows their speed responses. From Fig.10 , it can be seen that, compared with PI-based MPCC PMSM system, the overshoot and settling time of ADRC-based one are obviously smaller and thus its dynamical response is superior. 
3) THD comparison of three-phase current
Total harmonic distortion (THD) represents a rough measure of the motor losses as well as an indication for the different harmonics introduced by the inverter switching, which can excite electrical or mechanical resonances along the power flow path [41] . So it makes sense to evaluate THD index of three-phase stator current.
Given that the three-phase current measurement is recorded over the time range from 0.25 second to 0.4 seconds. During this time range, the fundamental frequency of three-phase current is 16.67 Hz. THD can be obtained by comparing the higher frequency components to the fundamental one of the three-phase stator current. Analyzing and summarizing these simulation experiments, we can obtain following results,  ADRC-based MPCC strategy can guarantee the ability to achieve two objectives simultaneously: satisfactory dynamical response and strong disturbance rejection, whereas PI-based one can guarantee only one of the two objectives.
 ADRC-based MPCC strategy can decrease the THD as opposed to the PI-based MPCC one.
V CONCLUSION
In this paper, an ADRC-based MPCC strategy has been developed for PMSMs fed by three-phase four-switch inverters. The mathematical model of PMSM fed by fault-tolerant inverter topology is built. The ADRC is designed for disturbance estimation and compensation, and MPCC for stator current ripple reduction. The resultant ADRC-based MPCC PMSM fed by an unhealthy inverter is fault-tolerant effective, and its speed & torque could be regulated in a satisfactory manner. On the other hand, compared with PI-based MPCC PMSM fed by an unhealthy inverter, the ADRC-based one possesses better dynamical response behavior and stronger disturbance rejection ability as well as smaller THD index in the presence of variation of load torque. The proposed ADRC-based MPCC PMSM fed by an unhealthy inverter achieves satisfactory dynamical performance and strong robustness. Comparative simulations demonstrate the feasibility and effectiveness of the proposed scheme.
